Nanopowders of TiCo were synthesized from Ti and Co by high energy ball milling. A highly dense nanostructured TiCo compounds were consolidated at low temperature by high-frequency induction heat sintering within 1 min of the mechanical synthesis of the powders (TiCo) and horizontal milled Ti+Co powders under 100 MPa pressure. This process allows very quick densification to near theoretical density and prohibits grain growth in nano-structured materials. The grain sizes of TiCo compounds were calculated. Finally, the average hardness values of nanostructured TiCo compounds were investigated.
Introduction
Many intermetallic compounds exhibit the B2-type crystal structure, for example several aluminides (such as NiAl, FeAl, and CoAl) and titanides (such as NiTi, FeTi, and CoTi). 1, 2) These B2-type aluminides and titanides generally show an attractive combination of physical and mechanical properties, including high melting point, excellent specific strength, good oxidation and corrosion resistance, and high phase stability. 1, 2) Therefore, some of them have been considered as promising materials for high-temperature structural application. 1) In addition, CoTi is of great interest because of shape memory properties.
3) However, as in the case of many such compounds, the current concern about CoTi focuses on their low fracture toughness below the ductile-brittle transition temperature. 1) To improve on the mechanical properties of these materials, the fabrication of nanostructured material has been found to be effective.
Nanocrystalline materials have potential as advanced engineering materials with improved physical and mechanical properties. 4, 5) Recently, nanocrystalline powders have been developed by thermochemical and thermomechanical processes such as the spray conversion process (SCP), coprecipitation, high energy milling and electrical wire explosion. [6] [7] [8] [9] However, the grain sizes of sintered materials are much larger than those of pre-sintered powders due to rapid grain growth that occurs during conventional sintering. Controlling grain growth during sintering is a key to the commercial success of nanostructured materials. Unconventional sintering techniques, including high-pressure densification, magnetic pulse compaction and shock densification, have been proposed to overcome the problem of grain growth. [10] [11] [12] However, these methods have failed to provide fast, reproducible techniques that yield large quantities of high density samples with nanostructured grains.
The high-frequency induction heated sintering (HFIHS) method recently emerged as an effective technique for sintering and consolidating high temperature materials. 13, 14) HFIHS is similar to traditional hot-pressing, but the sample is heated by an induced electric current that flows through the sample and a die. This process increases the heating rate (up to 2000 C/min) to a degree much higher than that of traditional hot-press sintering.
The purpose of this work is to produce nanopowders of CoTi from Co+Ti powders using high energy ball milling and dense nanocrystalline CoTi compound using highfrequency induction heated sintering. In our technique, compouds are formed within 1 min of the mechanical synthesis of the powders (CoTi) and horizontal milled Co+Ti powders using the induced current activated sintering method. Further, we evaluate the grain size and mechanical properties (hardness and fracture toughness) of the resulting materials.
Experimental Procedures
Powders of 99.5% pure Co (<325 mesh, Alfa, Aesar, USA) and 99.5% pure Ti (À400 mesh, Sejong Materials Co., LTD, Korea) were used as starting materials. Co and Ti powders with molar ratio of 1 : 1 were mixed by two types of methods. First, the powders were milled in a high-energy ball mill, i.e., a Pulverisette-5 planetary mill, at 250 rpm and for 10 h. Tungsten carbide balls (8.5 mm in diameter) were used in a sealed cylindrical stainless steel vial under an argon atmosphere. The weight ratio of ball-to-powder was 30 : 1. Second, the powders were mixed in polyethylene bottles using zirconia balls with ethanol and were milled at a horizontal rotation velocity of 250 rpm for 10 h.
After milling, the mixed powders were placed in a graphite die (outside diameter, 40 mm, inside diameter, 10 mm, height, 40 mm) and then introduced into the high-frequency induction heated sintering system made by Eltek in South Korea, shown schematically in reference. 13, 14) The four major stages in the synthesis are as follows. The system was evacuated (stage 1). Next, a uniaxial pressure of 100 MPa was applied (stage 2). A induced current was then activated and maintained to 1000 C with a heating rate of 1500 C/min and was then turned off without a holding time (stage 3). At the end of the process, the sample was cooled to room temperature (stage 4). The process was carried out under a vacuum of 5.3 Pa.
The relative densities of the sintered samples were measured by the Archimedes method. Microstructural information was obtained from product samples which were polished and etched using a solution of HF (10 vol%), HNO 3 (30 vol%) and H 2 O (60 vol%) for 1 min at room temperature. Compositional and micro structural analyses of the products were made through X-ray diffraction (XRD) and scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDAX). Vickers hardness was measured by performing indentations at a load of 10 kg and a dwell time of 15 s on the synthesized samples.
The crystallite sizes of TiCo were calculated by the formula suggested by Suryanarayana and Norton, 15) 
where B r is the full width at half-maximum (FWHM) of the diffraction peak after instrument correction, B crystalline and B strain are the FWHM caused by small crystallite size and internal stress, respectively, k is constant (with a value of 0.9), is the wavelength of the X-ray radiation, L and are the crystallite size and internal strain, respectively, and is the Bragg angle. The parameters B and B r follow Cauchy's form with the relationship: B ¼ B r þ B s , where B and B s are the FWHM of the broadened Bragg peaks and the standard sample's Bragg peaks, respectively.
Results and Discussion
The X-ray diffraction pattern of horizontal milled powder and mechanically high energy ball milled powders from raw powders is shown in Figs. 1(a) and 1(b) , respectively. TiCo was not synthesized during the horizontal rotation ball milling in ethanol, but synthesized during high energy ball milling. From the above results, the combustion reaction is completed during high energy ball milling. The full width at half-maximum (FWHM) of the diffraction peak is broad due to refinement of the powder and strain. Figure 2 shows an SEM image, X-ray mapping and EDS of the high-energy ball milled powder of Ti-Co. From the SEM image, the powders are agglomerated, while X-ray mapping at same point shows that Ti and Co are detected. Further, Ti and Co peaks are detected in EDS.
The XRD patterns of the TiCo powder and Ti-Co powder milled using high-energy ball and horizontal ball, respectively, heated to 1000 C are shown in Fig. 3 . In Fig. 3(b) , Only TiCo peaks are detected. In Fig. 3(a) , TiCo and TiCo 2 peaks are detected. Based on the X-ray patterns of Fig. 1(a) and Fig. 3(a) , TiCo was synthesized from horizontal milled powder of Ti and Co during heating. The presence of TiCo 2 in the sample suggests a Ti deficiency. It is believed that this observation is related to the entrapped oxygen in the pores of the interior portion of the sample during pressing or possibly to the slight oxidation of Ti during heating. And it is reported that the oxidation of Co nanoparticle did not occur in sintering. 16 ) Figure 4 shows a plot of B r cos versus sin , used to calculate the crystallite size of TiCo. The structure parameters, i.e., the average crystallite sizes of TiCo sintered using horizontal ball milled powders and high-energy ball milled powders, are 30 nm and 20 nm, respectively. Further, the relative density of the TiCo compound were 99.5%. FE-SEM images of TiCo compound sintered at 1000 C from horizontal milled powders and high energy ball milled powders are shown in Fig. 5 . As shown, the compounds consist of nano-crystallites.
Composites made up of nano-crystallites and high TiCo densities were obtained at low temperatures for two reasons. First, the small crystallite size is attributed to the high heating rate and relatively short powder exposure to high temperature. The types of current (resistive or inductive) used in sintering and/or synthesis have been the focus of several attempts to explain enhanced sintering and improved product characteristics. The role of current is explained in terms of fast Joule heating, the presence of plasma in pores separating powder particles, and the intrinsic contribution of current to mass transport. [17] [18] [19] [20] Second, applying pressure during initial sintering adds another term to the surface energy driving force such that the total driving force, F D , may be expressed as: 21) 
where is the surface energy, P a is the applied pressure, and r is the particle radius. The effect of pressure on the densification of nanometric, stabilized ZrO 2 during high frequency-induced heated sintering was investigated by Shon et al. 22) The relative density increased significantly as pressure increased from 60 to 100 MPa for sintering at 1000 C. Vickers hardness measurements were made on polished sections of the TiCo composite using a 10 kg f load and 15 s dwell time. The hardness values of the TiCo compounds sintered at 1000 C from horizontal milled powders and high energy ball milled powders were calculated as 610, 750 kg/mm 2 , respectively. These values represent an average of five measurements each. Cracks did not produce around the indent. Kaneno et al. 1) investigated properties of TiCo which was arc-melted, hot-rolled at 1273 K and then recrystallized at 1323 K. The hardness and grain size of TiCo are reported as 235 kg/mm 2 and about 100 mm, respectively. The hardness of the TiCo compound is lower than that of TiCo sintered from horizontal milled powders and high energy ball milled powders due to large grain. 
Conclusions
Nanopowders of TiCo were synthesized from Ti and Co by high energy ball milling. Using the high-frequency induction heated sintering method, the densification of nanostructured TiCo compound was accomplished using mechanically synthesized powders and horizontal milled powders within 1 min. The average hardness values and crystallite sizes obtained from mechanically synthesized powders and horizontal milled powders were 750, 610 kg/mm 2 and 20, 30 nm, respectively. The hardnesses of the TiCo compounds are higher than that of TiCo which was arc-melted, hot-rolled at 1273 K and then recrystallized at 1323 K due to refinement of grain size. 
